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Buthionine sulfoxiinine (Srti -butyl homocysteine sulf- 
oximine), the most potent of a series of analogs of 
methionine suifoximine thus far studied (Griffith* O. 
W., Anderson, M. E v and Moister, A, (1979) J. BioL 
Chem. 254, 1205-1210), inhibited y-glutamylcysteine 
synthetase about 20 times more effectively than did 
prothionine sulfoxiinine and at least 100 times more 
effectively than methionine sulfoxiinine. The findings 
support the conclusion that the S-alkyl moiety of the 
sulfoximine binds at the enzyme site that normally 
binds the acceptor amino acid. Thus, the affinity of the 
enzyme for the S-ethyl, S-n-propyl, and S-n-butyl sulf- 
oxi mines increases in a manner which is parallel to 
those of the corresponding isosteric acceptor amino 
acid substrates, Le. glycine, alanine, and a-aminobutyr- 
ate. Buthionine sulfoximine did not inhibit glutamine 
synthetase detectably, nor did it produce convulsions 
when injected into mice. Injection of buthionine sulf- 
oximine into mice decreased the level of glutathione in 
the kidney to a greater extent (<20% of the control 
level) than found previously after giving prothionine 
sulfoximine. a-Methyl buthionine sulfoximine was also 
prepared and found to be almost as effective as buth- 
ionine sulfoximine; this compound would not be ex* 
pected to undergo substantial degradative metabolism* 
Buthionine sulfoximine and a-methyl buthionine sulf- 
oximine may be useful agents for inhibition of gluta- 
thione synthesis in various experimental systems. 



Previous studies m this laboratory showed that prothionine 
sulfoximine (S-n- propyl homocysteine sulfoximine) is a very 
effective inhibitor of Y-glutamylcystoine synthetase, and that 
this sulfoximine does not significantly perturb the activity of 
glutamine synthetase (1). This work was part of a study in 
which we have prepared analogs of methionine sulfoximine 
(which inhibits both glutamine synthetase and y-glutarnyl- 
cysteine synthetase) that selectively inhibit each of these 
enzymes. Thus, a-ethylmethionine sulfoximine was found to 
inhibit glutamine synthetase^ but not v-glutamylcysteine syn- 
thetase (2). By substituting bulkier moieties in place of the 
methyl group of methionine sulfoximine, we obtained mole- 
cules that exhibit less affinity for glutamine synthetase and 
more affinity for v-glutamylcysteine synthetase. On theoreti- 
cal grounds (1) it would be expected that substitution of an n- 
butyl moiety for the methyl group of methionine sulfoximine 
would lead to an excellent inhibitor of y-glutamykysteine 
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synthetase since there is evidence that the &-alkyl moieties of 
these sulfoxdmines bind to the region of the active center of 
the enzyme that binds the acceptor amino add (cysteine, o> 
aminobutyrate). Although we had intended in our previous 
work (1) to prepare buthionine sulfoximine (S-n-butyl homo- 
cysteine sulfoximine), this plan had to be abandoned because 
it was difficult in our laboratory to handle the amounts of 
mercaptan required. This difficulty has now been overcome 
by construction of an effective ventilation system. In addition, 
we have synthesized buthionine sulfoximine by an alternative 
pathway that does not involve the use of butyl mercaptan. 
We report hare that buthionine sulfoximine is highly active as 
an inhibitor of y-glutamylcyateine synthetase in vitro and in 
vivo. 

EXPERIMENTAL PROCEDURES 

M aterialB— L-Glutcmate, L-methlonlne-Si^eulfoMinine, ATP, and 
phosphoenolpymvate were obtained from Sigma. r^-o>Anunobutyratc 
was obtained from Vega-Fox. L-Bthionine-5A-sulfoximine and DL- 
prothionine*Si?-sulfoximine were prepared as described (1). Rat kid- 
ney y-glutamylcysteine synthetase was purified from Hoitzman rats 
(3). 

pi^Buthionine was prepared as follows. The entire procedure was 
carried out in a very efficient fume hood. A mixture of 56,1 g of 
acrolein and 90.2 g of 1-butanethiol was magnetically stirred in an 
ice-salt bath in a flask fitted with a nitrogen inlet, thermometer, and 
an efficient reflux condenser. While the apparatus was being flushed 
with nitrogen, the mixture was cooled to D°C, and 2 /d of piperidine 
was added. After several minutes, a moderately strong exothermic 
reaction occurred and the temperature rose to 40-60°C. The solution 
was allowed to cool to 0°C and an additional 9 g of 1-butanethiol was 
added; the temperature of the mixture was allowed to rise to about 
25°C. After standing for 2 h, the mixture was wanned to 70°C for 30 
min and then allowed to cool to room temperature. The crude product 
was distilled using a water aspirator to yield a forerun of 1-butanethiol, 
followed by 129 g (88%) of 3-butylthiopropionaldehyde; b.p.* 92- 
93° C. The purified aldehyde was converted to the hydantoin as 
follows. Ammonium carbonate (140 g) was dissolved in BOO ml of 
water at G0°C. To this solution was added 500 ml of ethanol, 24 J> g of 
sodium cyanide, and 48.3 g of 3-butyIthiblpropionaldehyde. The mix- 
ture was stirred at 60 D C throughout the reaction. A wide bore con- 
denser was required to avoid clogging by the sublimed ammonium 
carbonate. After 24 h» the brown mixture was cooled to room tem- 
perature and the bulk of the ammonium carbonate and ethanol was 
removed by distillation at slightly reduced pressure. When the volumo 
had been reduced by about 50%, the solution was cooled in ice, poured 
into a large beaker, and cautiously acidified (pH less than 3) by 
adding concentrated hydrochloric acid. 5-(3-Botylthiopropyl)hy- 
dantoin precipitated and was collected by filtration and washed with 
water. The crude damp hydantoin was dissolved in 500 ml of 2 M 
sodium hydroxide and refluxed for 18 h. The residual ammonia and 
• part of the solvent were removed by rotary evaporation under reduced 
pressure and the remaining solution was neutralized by addition of 
hydrochloric acid. Buthionine precipitated; the product was crystal- 
lized from water. The yield of oL-buthionine was 60 to 76&, based on 
the aldehyde. 

The synthesis of a-methylbuthionine was carried out by an analo* 
gous procedure starting with 2-butylthioethylmethylketone (b.p. 66- 
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70°C). This compound was obtained by a procedure similar to that 
described above in 78% yield from 1-butanethiol and mcthylviny Ike- 
tone; 300 u\ of piperidino catalyst was required for a reaction on a 1 
mol scale. The ketone was converted to the amino acid as described 
above for the preparation of buthionine. 

OL-Buthkmine was aleo prepared by o slight modification of the 
method of Kolcnbrander (4); this procedure does not require use of 
butancthiol. A 2-liter 3-nock round bottom flask containing 1 liter of 
methanol was fitted with a condenser and a nitrogen Inlet. Using 
magnetic Rtirring and a alow flow of nitrogen, 20 g (1 mol) of freshly 
cut sodium was added in small (about 1 g) pieces. After the sodium 
had- completely reacted and the solution had cooled to room temper- 
ature, 68 g of DL-homocyeteine thiolactone hydrochloride (0.43 mol) 
was added, and the solution was stirred under nitrogen for about 30 
min. To this solution (which contained insoluble sodium chloride) 
was added 87 g of 1-iodobutaoe (0.47 mol) and the reaction was stirred 
at room temperature overnight. The mixture was then filtered and 
the filtrate was reduced by rotary evaporation under reduced pressure 
to about 200 to 300 ml. To the concentrated solution was added 600 
ml of 4 m sodium hydroxide and this mixture was refluxed for 6 h. • 
After filtration and neutralisation with concentrated hydrochloric 
acid, about 75 g (91%) of ni^buthionine was obtained. 

DL-Buthlonine and a«methyl-m>buthionine were converted to 
their respective sulfoximioes by a modification of the procedure of 
Bentley el at (6). The methionine analog (80 mmol) was vigorously 
stirred at 66"C m a mixture of 60 ml of chloroform and 17 ml of 
concentrated sulfuric acid. A total of 140 romol of sodium azide was 
added in small portions over a period of 12 h. The mixture was then 
allowed to cool to room temperature. The mixture was treated with 
cold water (400 ml), and the aqueous phase was removed. The 
chloroform layer was washed with several portions of water, and the 
combined aqueous solution was then loaded on a column of Dowex 
60-H*. The column was washed with water, and the amino acid was 
then eluted with 8 m ammonium hydroxide. Flash evaporation of the 
eluate and crystallixation of the residue from aqueous ethanol gave 
the sulfoximines in 60 to 75% yield. 

Buthionine (rap.. 254-265'C (decomposed) (corrected); literature 
250-252*C (4)). 

CeH J7 NOtS 

Calculated: C50.23 H8.96 N 7.32 
Found: C 50.67 H 8.66 N 7.25 

a-Mothyl-oi^buthionino (m.p., 268-274° C (discolors), 276-280°C (de- 
composed)). 

Calculated: C 52.63 H9.33 N6.85 
Pound: C 63.21 H 9.26 N 6.80 

ni^Buthlonine-SJ?-8ulfoximiiie (m.p., 214-2 16.G°C (decomposed) 
(corrected); literature m.p., 214°C (8)). 

Calculated: C 43.22 H8.16 N 12,60 
Pound: C 43.26 H8.12 N 12.50 

a-MothyUDL-buthionino-Sr?-sulfoximinc (m.p., 1 99-201 °C (decom- 
posed) (corrected)). 

CHaoNtrOaS 

Calculated: C 45.74 H 8.63 N 11.85 
Found: C 45.80 H8.58 N 11.70 

DL-Buthionine, a-raethyl-Di>buthionino, DL,-buthionine-S/fc-8ulf- 
oximine, aj)da-methyl-DL»buthlonine-Si?-BuJfoximine all elute as sin- 
gle peaks on a Durrum model 500 amino acid analyzer. Using the 
Standard hydrolysis procedure, the elution times are 60 mm, 36 s, 62 
min, 4 a, 53 min, 39 a, and 60 min, 39 a, respectively. Under similar 
conditions methionine, leucine, and phenylalanine elute at 46 min, 58 
a, 50 min, 20 s, and 67 min, 46 s, respectively. 
, Methods'- Enxymlc assays were carried out at 30°C. The experi- 
mental details are given in Pig. 1 and Table I. 

RESULTS 

Pig. 1 summarizes data on the inhibition of v-tfutamyl cys- 
teine synthetase by buthionine sulfoximine, prothionine sulf- 
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Fig. 1. Time course of v*glutamylcystelne synthesis In the 
presence and absence of analogs of methionine sulfoximine. 
The reaction mixtures contained (final volume, 1.0 ml) 150 mM Tris- 
HCl buffer (pH 8.2), 76 mM KC1, 10 mM ATP, 5 mM phoephoenolpyr- 
uvate, 25 mM MgCl 2 , 5 mw sodium L-ghi tomato, 10 mM j--«r*amino- 
butyrate, 0.2 mM NADH, 0.2 mM EDTA, 10 IU of pyruvate kinase, 11 
1U of lactate dehydrogenase, and 1.92 units of y^glutaroylcysteihe 
synthetase. Curve /, control; time course of the reaction without 
inhibitor. In the other experiments, inhibitors were present as follows: 
Curve £, 0.2 mM L-n^thionlne-Sr?-sulfoximine (MSO); Curve 3, 0.2 
mM m«-prothionine-5/?-sulfoximine (PSO); Curve 4, 0.4 mM DL-pro- 
thlonine-5/2-suIfoKlmine; Curve 5, 0.02 mM nL-buthionine^-sulf- 
oximine (BSD); Curve 6, 2.0 mM i^methionine^A-sulfbximine; Curve 
7, 0.2 mM nt-buthionine-SA-sulfoximine. 

oximine, and methionine sulfoximine. In these studies the 
reaction was initiated by addition of the enzyme to a buffered 
solution containing the inhibitor and the substrates. The rate 
of reaction falls off in the experiments shown in Curves 2 to 7 
due to enzymic inhibition associated with phosphorylation of 
the Bulfoximmes and tight binding of the sulfoximine phos- 
phate derivatives to the enzyme (1, 7-10). In agreement with 
previous findings (1), 0.2 mM prothionine sulfoximine (Curve 
3) inhibited activity to a much greater extent than did 0.2 mM 
methionine sulfoximine {Curve 2). However, 0.02 mM buthion- 
ine sulfoximine (Curve 5) was significantly more inhibitory 
than 0.4 mM prothionine sulfoximine {Curve 4). Under these 
conditions* 0.2 mM buthionine.sulfoximine {Curve 7) produced 
virtually complete inhibition. It may be estimated from these 
findings (see also Table D that buthionine sulfoximine, which 
produced 52% inhibition under these conditions at a concen- 
tration of 1 mm, is (a) at least 100 times more inhibitory than 
methionine sulfoximine (which produced 52% inhibition at a 
concentration of 100 um) and (b) about 20 times more inhibi- 
tory than prothionine sulfoximine. It is striking that 0.02 mM 
buthionine sulfoximine {Curve 5) led to complete inhibition 
after 10 min, whereas 2 mM methionine sulfoximine {Curve 6) 
did not inhibit completely. It is of note that or-methyl buth- 
ionine sidfoximine, although a highly potent inhibitor, is some- 
what less effective than buthionine sulfoximine. 

Buthionine sulfoximine (0.5 mM) did not inhibit glutamine 
synthetase when preincubated with the enzyme, ATP, and 
Mg** under the conditions previously described (1). Injection 
of buthionine sulfoximine into mice at a dose of 32 mrool/kg 
did not produce convulsions or detectable behavioral change 
over a period of observation of 7 days. The kidney levels of 
glutathione found in mice 1.5 h after injection of buthionine 
sulfoximine (4 mmol/kg) were depressed to less than 20% of 
the control levels; less depression was observed after injection 
of .prothionine sulfoximine (1). In addition, mice given buth- 
ionine sulfoximine had depressed renal glutathione levels after 
12 h; after an equivalent dose of prothionine sulfoximine, the 
renal glutathione levels returned to normal after about 10 h 
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Table I 

. Inhibition of ' y-gUUamylcysteine synthetase by analogs of 
methionine sulfoximine 



Sulfoximine 



b-M ethionine- (SR) - 

buJ fox inline 
L-Ethionine-(S/0- 

oulfoximine 
OL-Prothtonine- 

(£/?)-sulfoxirninc 
DL-Buthionine- 

(SfiO-sulfoximine 
o-Methyl-DL-buth- 

ionine-(S/?)-aulf- 

oximino 



Inhibition of y-giu- 

amino acid* acid' 
10^ 100 m m" 



% inhibition 



26 

100 
52' 

72 
9" 



35 



96 



100 



100 



Glycine 
L-Alanine 

L-o»Aminobu- 

tyrate 
kff-Aminobu- 

tyrate 



>250 
75 



3.3 



3.3 



" The reaction mixtures (Ana] volume, X.O ml) contained 160 mw 
TrisHCl buffer (pH 8.0), 100 mM KC1, 5 iqm aodium i^glutamate, 10 
mM L-tf-aminobutyrate, 10 mM ATP, 5 mM phosphoenoJ pyruvate, 20 
mM MgCla, 0.2 mM EOT A, 0.2 iom NADH, 12 1 U of pyruvate kinase, 
10 IU of lactate dehydrogenaaa, and sulfoximine as indicated. Tho 
reaction waa initiated by addition of 0.58 unit of y-glutamykysteine 
synthetase, and the oxidation of NADH (equivalent to ADP forma- 
tion) waa monitored at 340 nm. The extent of the reaction at 10 min 
was compared to a aulfoximine- free control to determine the per cent 
inhibition. 

6 The sense In which o-nminobu tyrate and the S-alkyl group of 
buthionine aulfoximine are iaoeteric la shown in Fig. 2 (see also Fig. 5 
ofRof. 1). 

r K m values were determined from double reciprocal plots of date 
from rate measurements in which the concentrations of ATP and 
gtutamatc were saturating. The reaction mixtures (final volume. 1.0 
ml) contained 160 mM Tria-HCl (pH 8.2), 100 mM KC1, 10 mM L- 
glutamate, 10 mM ATP, 6 mM phoaphoenolpyruvate, 20 mM MgCla, 
0.2 mM BDTA. 0J2 mM NADH, 12 IU of pyruvate kinase, 10 IU of 
lactate dehydrogenase, and varying amounts of acceptor amino acid. 
The reaction was initiated by addition of 0.5 to 2 units of -^-glutamyl- 
cyateine synthetase and the formation of ADP was determined as 
described above. 

4 Concentration of the h-S isomer of the aulfoximine present in the 
incubation mixture. The calculation of isomer concentration waa 
baaed on the assumption that the possible diastereomers were present 
In equimolar amounts. 

'Per cent inhibition observed with a sulfoximine concentration of 

1 MM. 
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Tia. 2. Structures of y-glutamyl-a-aininobutyrate (left) and 
buthionine sulfoximine (right). 



DISCUSSION 

Buthionine sulfoximine and a-methylbuthionine sulfoxi- 
mine are the most potent sulfoximine inhibitors of y-gluta- 
raylcysteine synthetase in the large series of sulfoximines that 
we have thus far examined. The data indicate that glutathione 
biosynthesis may be inhibited by concentrations of buthionine 
sulfoximine that are only 1% of that required of methionine 
sulfoximine and only 5% of that required of prothionine sulf- 
oximine. Whereas prothionine sulfoximine produced only very 
slight inhibition of glutamme synthetase (1), buthionine sulf- 
oximine did not inhibit glutamine synthetase detectably. In- 
jection of prothionine sulfoximine (32 mmol/kg) produced 
only mUd convulsions (after mechanical stimulation of the 
mice) (1), whereas injection of the same dose of buthionine 
sulfoximine was not followed by any abnormal behavior. 
These observations suggest that buthionine sulfoximine may 
be somewhat more useful as a selective inhibitor of glutathione 
synthesis in in vivo systems than prothionine sulfoximine. In 
certain studies the use of a-methyl buthionine sulfoximine 
may be desirable since this compound would be expected to 
be less susceptible to degradative metabolism; thus, it would 
not be a substrate for oxidative deamination or transamination 
reactions. 

The data reported here give additional support to the 
interpretations expressed previously (1) about the active site 
oif 7-glutamylcysteine synthetase, according to which the S- 
alkyl moiety of the sulfoximine was postulated to bind at the 
enzyme site that normally binds the acceptor amino acid. As 
indicated in Table I, the affinity of the enzyme for the S-ethyl, 
S-n-propyl, and S-n-butyl sulfoximines increases in a manner 
which is parallel to those of the corresponding isosteric accep- 
tor amino acid substrates, Le. glycine, alanine, and a-amino- 
hutyrate. The explanation for the finding that methionine 
sulfoximine is more inhibitory that ethionine sulfoximine is 
not yet entirely clear. Methionine sulfoximine would not be 
expected to interact appreciably with the site for the binding 
of acceptor amino acid, and this may allow it to align more 
precisely with the glutamate binding site. It is also possible 
that the ethyl moiety of ethionine sulfoximine is hindered in 
binding by the same structural features of the enzyme that 
restrict the binding of isoprothionme sulfoximine, which is a 
poor inhibitor (1). 

Acknowledgments — We thank Lawrence Eckler and Ernest B. 
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